Due to its strong correlation with the pathophysiology of many diseases, information about human red blood cells (RBCs) has a crucial function in hematology. Therefore, measuring and understanding the morphological, chemical, and mechanical properties of individual RBCs is a key to understanding the pathophysiology of a number of diseases in hematology, as well as to opening up new possibilities for diagnosing diseases in their early stages. In this study, we present the simultaneous and quantitative measurement of the morphological, chemical, and mechanical parameters of individual RBCs employing optical holographic microtomography. In addition, it is demonstrated that the correlation analyses of these RBC parameters provide unique information for distinguishing and understanding diseases.
T he morphological, chemical, and mechanical parameters of red blood cells (RBCs) have strong correlations with the pathophysiology of many diseases 1 . Optical microscopy has been widely used to image the shapes of RBCs in blood smears in order to evaluate poikilocytosis (e.g. spherocytes, target cells) and blood-borne infectious diseases including malaria. The chemical information about RBCs, and particularly about cytoplasmic hemoglobin (Hb), which are described using parameters such as mean corpuscular Hb concentration (MCHC) and mean corpuscular Hb content (MCH), are being used for medical diagnosis on a daily basis in laboratory medicine. Recent research has demonstrated that measuring the mechanical properties of RBCs enables the probing of subtle alterations in the membrane structures of RBCs that can result from several infectious diseases and genetic disorders (e.g. malaria and sickle cell disease) [2] [3] [4] . In order to analyze the properties of RBCs, automated blood cell counters based on the complete blood count (CBC) have been most commonly used in clinical hematology 5 . In a routine blood examination using CBCs, several red cell indices, including MCH, MCHC, mean corpuscular volume (MCV), and RBC distribution width (RDW), are obtained. These indices from the CBC serve as the primary and critical information from which clinicians diagnose abnormalities in RBCs. However, in abnormal pathological conditions, limitations exist for making accurate hematological diagnoses. This results from the current automated blood cell counter techniques only measuring limited number of parameters on RBCs, including MCV, MCHC, MCH, and RDW.
Because the regulation of the dynamic systems of RBCs and their related pathophysiology is understood using detailed analyses of individual cells 6 , a single-cell profiling technique for RBCs may hold the key to the understanding, diagnosis, and prognosis of many blood-related diseases with applications ranging from basic science to clinical practices. Currently, very few approaches to single cell profiling have been explored [7] [8] [9] [10] [11] . However, the existing techniques cannot provide the complete characterization of individual RBCs. For example, the Hb content of RBCs is typically calculated from hematocrit after hemolysis in an averaged manner. The volumes of individual RBCs can be obtained with impedance 12 or light scattering measurements 13 , but these methods depend on certain assumptions or require additional treatment including sphering agents. The cell surface area and sphericity have been addressed using indirect methods such as osmotic feasibility tests or flow-based imaging techniques, which are subject to low precision and technical limitations 14, 15 . Recently, quantitative phase-imaging (QPI) techniques have been used to characterize RBCs at the individual cell level [16] [17] [18] [19] [20] [21] [22] ; for example, tomographic phase microscopy measures the structural and chemical information (e.g. cell volume, Hb concentration, and Hb content) of RBCs 2 . In particular, the mechanical properties of individual RBCs have been investigated through probing the dynamic membrane fluctuations in cell membranes using QPI techniques 18,23-25 . These methods have significantly enhanced the understanding of RBCs; yet none of the existing techniques simultaneously and comprehensively measure the complete parameters of RBCs at the individual cell level. Despite the strong motivation for single cell profiling, it is technically challenging to achieve complete characterizations of individual RBCs.
In this paper, the morphological, chemical, and mechanical parameters of individual RBCs are simultaneously characterized employing common-path diffraction optical tomography (cDOT), non-invasive and label-free laser holographic microscopy. Single cell profiling of RBCs was performed in four different pathophysiological groups: RBCs from a healthy individual, RBCs from a patient with iron deficiency anemia (IDA), reticulocytes from a patient with a high reticulocyte content, and RBCs from a patient diagnosed with hereditary spherocytosis (HS). The morphological, chemical, and mechanical parameters of the RBCs within these groups were quantified at the individual cell level. The present technique presents many potential advantages over current clinical hematology analyzers in that it can measure the surface area, sphericity, and mechanical properties of individual RBCs which the current hematology analyzers cannot measure, in addition to MCV, MCHC, MCH, and RDW without requiring sphering of cells. Moreover, it is demonstrated that the correlation analyses between the RBC parameters from these patients enabled the investigation of the related pathophysiology in detail and also demonstrated distinct deviations from the distributions of the RBCs from healthy subjects.
Results and Discussions
Common-path diffraction optical tomography (cDOT). For simultaneous measurements of the morphological, chemical, and mechanical parameters of individual RBCs, we employ cDOT, a recently developed optical technique which allows simultaneous measurements of the 3D refractive index (RI) tomography and dynamic 2D membrane fluctuations of individual samples.
The experimental scheme of cDOT is based on the principle of common-path laser-interferometic microscopy and optical diffraction tomography 26 (Fig. 1A) . A sample is positioned between two objective lens, and then illuminated by a plane-wave laser beam with specific angles of illumination. The angle of the beam illuminating the sample is precisely scanned by a two-axis galvanometer mirror (GM1). GM2, located at the conjugated plane to the sample and GM1, is synchronized with GM1 in order to de-scan; the angle of the beam reflected from GM2 remains unchanged regardless of the illumination angle. A spatially modulated hologram of a sample is recorded onto an image sensor from which the optical field of the diffracted beam from the sample, containing both amplitude and phase information, can be retrieved using a phase retrieval algorithm 27 . The details of the method can be found elsewhere 26, 28, 29 .
The synchronization between angle-scanning by GM1 and angledescanning by GM2 is precisely adjusted to work together, which allows simultaneous measurements of the 3D RI tomography and dynamic 2D membrane fluctuations of individual samples ( Fig. 1Ainset ).
By varying the angles of the illumination beam, cDOT measures multiple 2D optical fields, from which 3D RI tomograms of the sample are reconstructed using an optical diffraction tomography algorithm 30, 31 . For the measurements of the RBC mechanical properties, the angle of the illumination beam is fixed to be normal to the sample and dynamic 2D optical-field images are measured, from which the dynamic membrane fluctuations of the cell can be quantified.
From these measured 3D RI tomograms and 2D dynamic membrane fluctuations of individual RBCs, the volume, surface area, sphericity, Hb content, and Hb concentration can be obtained at the single cell level, as summarized in Fig. 1B . The 3D RI of RBCs can be directly and quantitatively translated into the Hb concentration because the RBC cytoplasm primarily consists of Hb protein. Thus, the Hb content and concentration values of the individual RBCs can be calculated using the 3D RI tomograms. At the same time, cDOT measures the dynamic membrane fluctuations of RBCs, which manifest their mechanical properties. Furthermore, the correlation between these properties can be systematically examined because all parameters are obtained simultaneously at the individual cell level.
3D RI maps of individual RBCs. In order to obtain 3D RI tomograms of the individual RBCs, cDOT measures multiple 2D optical-field images of a sample with different angles of illumination; then, the 3D RI tomogram of the sample is reconstructed using the diffraction optical tomography algorithm 30 . Typically, 500 holograms are recorded with various illumination angles spanning from 243u to 43u with an angular step of 0.17u in the sample plane (inside the medium). The total measurement time is less than 0.5 s.
Compared to existing techniques to measure 3D shapes of RBCs (e.g. confocal microscopy), the present method does not require the labeling of cell surface and the measurement can be performed in a short time. More importantly, the present technique provides the quantitative imaging capability; the RI information of RBC cytoplasm can be quantitatively translated into the information of Hb.
As shown in Fig. 2 , the 3D RI tomograms of individual RBCs with four different pathophysiological conditions (see the Materials and Methods) were measured using cDOT: RBCs from a healthy individual, RBCs from a patient with IDA, reticulocytes from a patient with a high reticulocyte count, and RBCs from a patient diagnosed with HS. The images presented in Fig. 2 are rendered isosurfaces of the 3D RI tomograms from each group. The reconstructed morphologies exhibit good agreement with the known reference ranges 5 . The RI tomograms of RBCs from the healthy individual exhibited the characteristic biconcave shape. RBCs from the patient with IDA exhibited decreases in the cell volume, whereas those from the patient with high reticulocyte content display a significant increase in mean volume. The RBCs from the patient diagnosed with HS exhibit a spherocytosis shape.
Characterizations of individual RBCs from the healthy, IDA, reticulocyte, and HS patients. Using cDOT, the complete properties (i.e. morphological, chemical, and mechanical information) of individual RBCs under the different pathophysiological conditions (healthy, IDA, reticulocyte, and HS) were quantitatively investigated. The 3D RI maps provide the structural details of the cell such as the cell volume, cell surface area, and sphericity ( Fig. 1B) . Measuring the 3D RI maps also enables the determination of the biochemical information of the Hb protein in individual RBCs. Furthermore, the mechanical properties of individual RBCs can also be measured by probing their dynamic membrane fluctuations, which are obtained from the dynamic 2D topographic measurements.
In order to validate the performance of cDOT with regard to single cell profiling, the volume, surface area, sphericity, Hb content, Hb concentration, and membrane fluctuation of individual RBCs with different pathophysiological conditions were measured. As presented in Fig. 3 In general, patients with IDA exhibit decreased red cell values in MCV, MCH, and MCHC 5 . These trends were also exhibited in the measurements using cDOT and are consistent with previous studies [36] [37] [38] . The mean values of the volume, Hb content, Hb concentration, surface area, sphericity, and membrane fluctuation of RBCs in the IDA patient were 59.7 6 13.0 fl, 19.3 6 4.8 pg, 32.2 6 3.1 g/dl, 127.0 6 16.3 mm 2 , 0.582 6 0.071, and 37.9 6 5.2 nm, respectively. The mean membrane fluctuation of the RBCs from the IDA patient was approximately 5% less than that of healthy RBCs, which indicates a decrease in cell deformability. In addition, compared with the healthy RBCs, the cell volume and sphericity of the IDA RBCs were significantly less, yet the surface area of the IDA RBCs was comparable with that of the healthy RBCs.
In patients with reticulocytes, the mean values of the volume, Hb content, Hb concentration, surface area, sphericity, and membrane fluctuation were 148. 6 39 , relatively large values of the Hb content, surface area, and volume were measured using cDOT. It is considered that these results originate from the uniqueness of cDOT in terms of selectivity and sensitivity.
In the RBCs from the patient with HS, the mean values of the volume, Hb content, Hb concentration, surface area, sphericity, and membrane fluctuation were 73.3 6 19.9 fl, 26.1 6 5.5 pg, 36.6 6 8.2 g/dl, 95.0 6 15.6 mm 2 , 0.888 6 0.049, and 36.6 6 8.2 nm, respectively. The measured red cell indices, excluding the membrane fluctuation, exhibit good agreement with the previous results [40] [41] [42] [43] [44] [45] .
It is noteworthy that the significantly decreased volume and Hb content of the IDA RBCs, the surface area and volume of the HS RBCs, and the increased volume, Hb content, and surface area of the reticulocytes, compared with healthy RBCs, presumably resulted from the selective and sensitive measurements that are enabled using cDOT. The values for sphericity clearly demonstrated that the HS RBCs had distinct spherical morphologies compared with those of the other groups.
2D correlation analyses between the morphological and chemical parameters. The ability of cDOT to measure the red cell indices of individual RBCs enables the possibility of correlation analyses because the indices are measured simultaneously at the individual cell level. Previously correlation analyses on red cell indices had been presented 46, 47 , but with only limited number of parameters. Figure 4 presents the correlation analyses between the morphological and chemical parameters of the four groups. In particular, the overall correlation trends in the healthy RBCs and reticulocytes were consistent with the previous research finding of Higgins et al. (Fig. 4A) 48 . While they reported impressive analyses of the correlation between the volume and Hb content in both RBCs and reticulocytes, the individual data were obtained from the CBC measurements of a sub-group of blood samples, not from individual cells. To date, the present work is the first reported demonstration of 2D correlation analyses of red cell indices on a cell-to-cell basis. The correlations between the red cell indices enable understanding of the cellular physiology of RBCs in detail. For example, except for the HS RBCs, the Hb concentration for other groups is nearly constant and unchanged (Figs. 4A-B) . The reticulocytes clearly exhibit a lower Hb concentration regardless of their volume. However, the HS RBCs exhibited a large polydispersity in the Hb concentration in the range of 20-60 g/dl. The correlation analyses between the cell volume and surface area (Fig. 4C) , and between the Hb content and surface area (Fig. 4D) , exhibited strong positive correlations for all groups. However, the ratios between the cell volumes and surface areas differed among all groups. In comparison with the healthy RBCs, the HS group exhibited an increase in the ratio, whereas the IDA group exhibited a slight decrease (the dotted lines in Fig. 4C ). The surface area-to-volume ratios were 1.46 6 0.12, 2.18 6 0.33, 1.52 6 0.26, and 1.32 6 0.13 for the RBCs in the healthy, IDA, reticulocytes, and HS patients, respectively. In particular, the ratio between the cell volumes and surface areas appeared to be common in the RBCs except the HS RBCs, which could be explained by the spherical shapes of the cells, as shown with the high values in sphericity (Figs. 4G-J) . Interestingly, in all groups, individual RBCs with higher Hb concentrations exhibited lower values in their cell volumes and surface areas (Figs. 4B&E) , which is consistent with the previous research undertaken for populated cells 49 .
The correlations between the red cell indices also demonstrated that they could classify different pathophysiological conditions of RBCs, which enables opportunities to provide new methods of diagnosis. For example, the correlations between the cell volume and sphericity exhibit distinct variations between the groups (see the fitted Gaussian circles in Fig. 4H ). Interestingly, the correlation between the surface area and sphericity exhibited similar trends for the groups of healthy RBCs, reticulocytes, and HS (the dotted line in Fig. 4G ). Furthermore, as their surface areas decreased, the RBCs exhibited higher sphericity. However, the result demonstrated that the surface area of the RBCs in IDA was not related to sphericity; they exhibited diverse values in sphericity while maintaining a constant surface area, which could be explained by pathological findings of IDA, ineffective hemoglobin production and decreased cell volume but unaffected cell membrane.
2D correlation analyses of the mechanical parameter versus the morphological and chemical parameters. In order to relate the mechanical properties of individual RBCs to the structural and biochemical properties, the correlations between the membrane fluctuations in RBCs with other red cell indices were analyzed (Fig. 5 ). The changes in the membrane fluctuations indicated alterations in the biomechanical properties of RBCs, including the shear modulus, bending modulus, and area expansion modulus of the cell membrane cortex, as well as the cytoplasmic viscosity 3, 23 . Previously, the membrane fluctuations and red cell indices have been measured for the various stages of malaria 2 . However, these parameters have been measured separately using two different techniques; therefore, they have been investigated at the blood level, not at the individual cell level. Because cDOT measures the 3D RI maps and dynamic membrane fluctuations of individual RBCs simultaneously, their mechanical properties can be related to the structural and biochemical properties at the cellular level. Figure 5 presents the correlation analyses of the mechanical parameters with the morphological and chemical parameters of the four groups. Interestingly, the membrane fluctuations in RBCs of all four groups exhibited strong negative correlations with the Hb concentration (Fig. 5A) . The higher the Hb concentration, the less fluctuation the membranes had, which can be readily understood through the increased cytoplasmic viscosity that results from a high Hb concentration. In contrast to the healthy RBCs, the membrane fluctuation in the HS RBCs exhibited a large cell-to-cell variation, as well as relatively different trends in the correlations between the membrane fluctuation and cell volume, and between the membrane fluctuations and surface area (Figs. 5C-D). This large polydispersity observed in the correlation maps for the HS RBCs indicate a strong heterogeneity in the structures of the membrane cortex associated with diseases. The lower the cell volume or surface in the HS RBCs, the less membrane fluctuations were consistently observed The fluctuating amplitudes in the IDA RBCs exhibited comparable values as in the HS RBCs (Fig. 4F ). However, the correlation analyses of the membrane fluctuations revealed that the IDA RBCs exhibited completely different tendencies in comparison with the HS RBCs. The membrane fluctuations of the IDA RBCs exhibited little correlation with the cell volume or surface area (Figs. 5C and 5D, respectively). This indicates that the origins of the reduced fluctuations would differ for the IDA and HS RBCs. The oxygen carrying capacity is primarily determined using the amount of Hb. However, the Hb amount and mechanical properties of individual RBCs also influence the oxygen carrying capacity because their deformability is crucial for RBCs to circulate. The reduced membrane deformability, which was manifested by the decreased dynamic membrane fluctuation, might explain the inefficient oxygen carrying capacity in IDA patients. Interestingly, the HS RBCs exhibited a narrow sphericity distribution despite the high cell-to-cell variation in the membrane fluctuations.
Conclusions. In this paper, employing cDOT, a precise and sensitive optical holographic technique, we performed the measurements of structural, chemical, and mechanical properties of individual human RBCs. The primary advantage of cDOT is its ability to analyze single cell profiling for individual RBCs. cDOT can provide not only routine red cell indices but also additional indices such as sphericity, surface area, and membrane fluctuation. The retrieved structural, chemical, and mechanical information for RBCs can serve as important indicators for hemodiagnosis, and cDOT precisely measures these parameters at the individual cell level. Furthermore, secondary parameters such as RDW can also be directly obtained from these measurements. Importantly, the correlation analyses between the indices were performed at the single cell level, which can be further analyzed quantitatively for better understanding of the pathophysiological mechanism behind human diseases. For example, important mechanical properties of cell membrane cortex, which can be extracted by analyzing the dynamic membrane fluctuation in RBCs 23,52-54 , may provide indepth understanding of pathophysiology 1, 55 and ATP-dependent metabolic processes [56] [57] [58] of RBCs together with simultaneously morphological and chemical properties of the cell at the individual cell level.
Although only four different RBC groups were examined, this method is readily applicable in other RBC-related diseases such as malaria 2,59-61 and sickle cell diseases 3, 62, 63 . In order for cDOT be extrapolated to clinical applications, it requires high-throughput measurements. Currently, the measurement time for probing one cell is nearly 3 sec, but this time is not limited. Recently, our group has shown that the measurement and reconstruction speed for diffraction optical tomography can be significantly improved and done in real time, employing sparse illuminations and graphic processor unit (GPU) implementation 19 . Furthermore, the present approach can also be further extended employing multimodality imaging. For example, hyperspectral quantitative phase imaging may provide molecular-specific information via optical dispersion [64] [65] [66] [67] and polarization sensitive imaging modality 68, 69 can be utilized for investigating optical dispersion properties in RBCs including sickle cell diseases 3, 63 . The instrumentation for the present approach can also be further simplified such that an existing optical microscope can be utilized by attaching a quantitative phase imaging unit 70 , which may extend the applicability of the technique. Employing the principles of flow cytometry and optimizing the measurement instruments, the measurement speed can be further enhanced. Furthermore, cDOT can also be applied to other cell types including white blood cells 71 , circulating tumor cells, bacterial cells 72 , and endothelial cells for biophysical and medical purposes.
